This paper describes elucidation of the conformation of the human epidermal growth factor (hEGF) in an aqueous environment, using one-and two-dimensional proton nuclear magnetic resonance methods. The noted structural information obtained is that a rigid core structure is formed by the interplay of the three disulfide bridges and an antiparallel B3-sheet consisting of Val-19 to Glu-24 and Asp-27 to Asn-32. Furthermore, the hydrophobic amino acid residues of the long C-terminal segment fold back to interact locally with residues in the fl-sheet. It is suggested that the C-terminal residues play an inevitable role in the formation of the receptor-binding site.
Human epidermal growth factor (hEGF) inhibits gastric acid secretion (1) and promotes epithelial cell proliferation and differentiation (2) . Since the receptor-binding assay exhibits a several times higher value for hEGF than for its derivatives lacking several residues at the C terminus (data not shown), the role of the C-terminal residues in the biological activities of hEGF is considered to be significant, although there is little difference of the effect on the gastric acid secretion between hEGF and its derivatives.
hEGF is a single peptide consisting of 53 amino acid residues with three disulfide bridges, the isoelectric point being 4.6 . It has a relatively long C-terminal segment and a short N-terminal segment (see Fig. la ) (3) , free from the restriction of the disulfide bridges. Although hEGF has been synthesized using the gene manipulation technique (4) , x-ray diffraction analysis has not been successful because of difficulty in the crystallization. This necessitates the use of NMR spectroscopy in the elucidation of its three-dimensional structure.
In the present study, two-dimensional 1H NMR techniques, including correlated spectroscopy (COSY) and nuclear Overhauser effect spectroscopy (NOESY) in 2H20 and H20, together with pH titration and nuclear Overhauser effect (NOE) difference spectroscopy, have been used to elucidate the solution conformation of hEGF (5-7). Emphasis has been placed on comparison between the intact hEGF and the 1-48 derivative-i.e., the hEGF that lacks the five C-terminal residues (from Trp-49 to Arg-53). Based on the results obtained, an approximate tertiary structure of hEGF is presented.
MATERIALS AND METHODS
Preparation of hEGF. Highly purified hEGF samples were obtained by the gene manipulation technique and by a subsequent chromatographic procedure (4). The 1-48 derivative of hEGF was prepared by partial tryptic digestion.
NMR Measurements. Proton NMR measurements were carried out at 28°C on a 400-MHz NMR spectrometer (JNM GX-400; JEOL). Two-dimensional NMR measurements were made in H20 and 2H20 at pH 3.0 (8, 9) , at a concentration of 15 mg/ml. For pH titration, 2H20 solutions of hEGF were prepared by dissolving the sample at pH 3.0, increasing the pH to 4.6 (the isoelectric point), and filtering off the precipitate. The final concentration was ""300 ,ug/ml.
The pH values cited are the direct readings of the pH meter. Chemical shifts were referenced to internal 3-(trimethylsilyl) [ 1H NMR spectra of the intact hEGF and its 1-48 derivative measured in 2H20 at pH 3.0 are shown in Fig. 1 b and Fig. 1 . Nevertheless, significant differences are noted in the chemical shifts for several signals-e.g., the ring proton signals of His a and of Tyr c and Tyr d, indicating that interaction does exist between the C-terminal pentapeptide and the rest of the molecule. The interaction will be discussed later in relation to the pH titration and NOE experiments.
In the 1H NMR spectrum of hEGF taken at pH 3.0 in 2H20 (Fig. lb) (10) predicted favorably a a-sheet from to Ile-23 and a ,-sheet from Tyr-29 to Ile-38 as well as an a-helix from Tyr-45 to Arg-53.
For further assignment of signals and for determination of possible secondary structures by 1H NMR, two-dimensional NMR spectroscopy (COSY and NOESY) was utilized. In the spectrum obtained in 2H20, strong cross peaks (J = 8-10 Hz) were observed between the six persistent amide protons and six Ca protons (data not shown). The large J-coupling constants of 8-10 Hz and the markedly slow H-2H exchange rates observed are characteristic ofthe amide groups engaged Abbreviations: hEGF, human epidermal growth factor; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; COSY, correlated spectroscopy.
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Since there are only one methionine (Met-21) and two alanine (Ala-25 and Ala-30) in hEGF, the postulated 8-sheet must involve the segment from Met-21 to Ala-25 or to Ala-30.
To assign these six residues to specific amino acid residues, COSY and NOESY experiments were performed for the intact hEGF in H20 at pH 3.0 (Figs. 2 and 3) . At this pH, the rate of exchange of a fully exposed amide proton with the solvent (H20) proton is slow-i.e., 4 x 10-3 sec1 (11)-so that all of the amide protons can, in principle, give rise to COSY and NOESY cross peaks. When the peptide takes an extended conformation, in the downfield spectrum of COSY, a cross peak due to J coupling (8) (9) (10) Hz) is expected to be observed between the amide proton and the Ca proton within the same residue, and, in the downfield spectrum of NOESY, a strong cross peak is to be observed between the Ca proton and the amide proton of the next amino acid residue in the primary sequence, thus enabling assignment of amide and Ca proton signals in a sequential manner (12) . In the present case, many strong cross peaks were observed in the COSY and NOESY spectra, which connected sequentially the amide and Ca proton signals, including those from the six slowly exchanging amide protons, as indicated in Fig. 2 . By examining the upfield COSY spectrum (Fig. 3) that characterizes side-chain structures, this connectivity was found to be consistent with the sequence Val-Cys-Met-Tyr-Ile-GluAla-Leu-Asp-Lys-Tyr-Ala-Cys-Asn (positions 19-32, respectively; see Fig. 2 and Table 1 for detail).
Direct evidence that this extended segment takes a ,-sheet conformation was obtained from the fact that CaH-CGH NOESY cross peaks were observed between Cys-20 and Cys-31, between Tyr-22 and Tyr-29, and between Glu-24 and Asp-27 (Table 1) . Consequently, the peptide segment Val-19 to Asn-32 most likely takes an antiparallel -sheet with a turn at Ala-25 and Leu-26. NOEs between side chains are also consistent with this conclusion (see Table 1 ). Our present finding of the p-sheet in the intact hEGF coincides with the prediction of the p-sheet for the segment Gly-18 to Val-34 in the 1-48 derivative of hEGF (7) . A question may then be asked: "What is the role of the C-terminal residues, Trp-49 to Arg-53, in the conformation of hEGF?"
In an effort to answer this question, we compared 1H NMR spectra of the intact hEGF and its 1-48 derivative in detail over a wide pH range (pH 2-12). This allowed determination of pKa values or at least pH profiles of titratable and nontitratable groups in the two peptides (Fig. 4 a and b) Fig. 4 a and b) . It is also noted that in Proc. Natl. Acad. Sci. USA 84 (1987) (Fig. 4a , arrow) disappears in the 1-48 derivative, it may be concluded that the C-terminal segment interacts with the rest of the peptide in such a way that it draws His-10 nearer to Tyr-29.
To identify more directly the site ofinteraction between the C-terminal residues and the rest of the peptide, NOE was measured in one-dimensional 1H NMR. When rf irradiation was done preferentially on one of the methyl proton resonances of Leu-52 at the highest field, NOE difference signals were clearly observed on the side-chain protons of His-10, ( Fig. 1d) , indicating that the side chain of Leu-52 interacts directly with these residues. Thus, we may conclude that the long tail of the C-terminal peptide segment folds back onto one side of the ,-sheet near the two tyrosine residues, resulting in the formation of a cluster of aromatic residues composed of His-10, Tyr-22, Tyr-29, Trp-49, and Trp-50. However, since only those residues that interact directly with the C-terminus are significantly affected in their chemical shifts, the conformational change of the 1-48 part of the peptide caused by the interaction with the C-terminal residues should be restricted to be local. The fact that the receptor-binding ability is considerably higher for intact hEGF than for its 1-48 derivative suggests that the local structure formed by the A-sheet and the C-terminal residues is directly involved in the receptor binding.
From all of the findings mentioned above, an approximate structure of intact hEGF is obtained as follows. Because of the three disulfide bridges as well as the proposed /8-sheet, the structure of hEGF in an aqueous environment can be restricted within a narrow range of conformation, despite the fact that the one-and two-dimensional NMR information is still rather limited (Fig. 5) ; a major structure is formed by
